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1. Short Description of Progress

During the period of this contract, 22 manuscripts (abstracts attached)

were published or submitted for publication. The manuscripts concern real

space transfer and electronic transport in submicron structures, modelling ofI. small devices, and material research with laser and electron beam annealing.

We have submitted 6 reports and descriptions of our progress before. Here we

only attach a complete collection of all abstracts and papers which have been

published or submitted for publication. Major progress has been made in the

areas of:

(i) laser and electron beam annealing

(ii) theory of resonance scattering

(iii) modelling of small devices

(iv) studies of ultrasmall dimensions (heterolayers and super-

lattices). Here we demonstrated experimentally the concept

of real space transfer.

2. Ph.D. and Master's Theses Finished Durina the Course of This Work

-* (a) Master's Theses:

K. Byerly (M.S., 1981)

R. DeJule (M.S., 1982)

H. Kafka (M.S., 1980) ae£ootU1 ?or

B. Lee (M.S., 1982)

P. Martin (M.S., 1981) ,Mee

J. Y. Tang (M.S., 1980)

(b) Ph.D. Theses: 21; • -• .D ist ib ti n/ ..

A. Bhattacharyya (Ph.D., 1981) Avalilty Codes_

K. Soda (Ph.D., 1980) . al sod/or
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(c) The theses and work has been supervised by:

B. G. Streetman Principal InvestigatorI K. Hess Principal Investigator

3. Publications

A. Bhattacharyya and B. G. Streetman, "Theoretical considerations regarding
pulsed CO2 laser annealing of silicon," Solid State Communications 36, 671
(1980).

K. Hess and N. Holonyak, Jr., "Hot electrons in layered semiconductors,"
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Pergamon Press Ltd. 1980. Printed in Great Britain.

THiORETICAL COUSIDRATIONS RIGARDI=G PULSED CO LASER AIIEALING OF SILICON

Anjan lbattacharya and 3. G. Streetan

Coordinated Science Laboratory and
Department of Electrical ESmimering

University of Illinois at Urbana-Chbpaign
Urbana, Illinois 61801, USA

(Received S July 1960 by A. A. Naradudin)

We present a calculation of the surface temperature and investigate
the "thermal runaway" phenomenon during pulsed CO laser () - 10.6 us)
annealing of silicon. In calculating the temperalure variation of
free carrier absorption in n-Si, we have taken into account acoustic
deformation potential scattering, optical deformation potential
scattering, and ionized impurity scattering. The deformation poren-
taJ.s are adjusted to fit the experimentally observed values at
300°K. Also, we discuss the contribution of free carrier absorption
during annealing with a Nd:glass laser (A - 1.06 um).

Recently there have been wide applications couples into the materiel. We find that the
of pulsed and cwv lasers in the annealing of ion absorption coefficient increases rapidly with
implanted Si for device fabrication. In parti- temperature, resulting In a "thermal runaway"
cular, 002 lasers are being used for this pur- situation for large power densities. This can
pose 1 '2 because of their considerable power lead to malting of the implanted layer as Qb-
output, large beam spot size, easy installa- served experimentally, and *ubsequsnt liquid
tion, and consequent industrial application, phase epitauial regrowth2 during pulsed CO,

* However, data has not been previously available laser annealing. The calculations also explain
on the temperature variation of free carrier the mechanism by which teprature increases to
absorption in Si, upon which these applications a sufficient value for a solid phase epitaxial
depend. regrowth during cv C02 laser annealing. 1

This paper presents results from a quantum We calculate the contributions from the
mechanical calculation of the temperature vari- acoustic deformation potential scattering
ation of the free carrier absorption coeffi- (aa), optical deformation potential scattering
cient for n-type Si at 10.6 ams. Here we report (a), and Ionised Impurity scattering (aio).
for the first time the application of the tem- ndadd them together to give the total free
perature dependent absorption coefficient to carrier absorption coefficie t (&)$ as a fuec-
investigate the rise in surface temperature ties of temperature frm 3001 to 165K (tha
leading to thermal runway during CO laser melting point of Si):
annealing of Si. Ve have calculated the power
density required to initiate the thermal run- a - eac + ap + ato (1)
aey situation. Our results are in good agree-
with those observed expertentally.1 .2 In cal-
culating the absorption coefficient we have ad- We have taken Into consideration the contribu-
Justed the deformation potentials such that the tion from both the electrons and holes for cow-
calculated valus agree with the availgble a- pleteness, although the holes contribute littleperlent ly obtied va ues 3  at 300°, e- for n-type Si. The data presented are for theie weil knon that at 10.6 &m the absorption case of thermal equilibrium with the electronmsehnien in Si is pritrily due to free cat- temperature equal to the lattice temperature

mecanim n 8 isprmarly due to multica- (To anT).riers, with a small contribution due to multi
phonon excitations. The variation of absorp- The free carrier absorption coefficient
tion coefficient with temperature provides for the acoustic deformation potential scatter-

, insight into the mechanism by which laser power ing Is given by

V 2/2 2 2 * 1/2 1/2
0ac - 3 T inh (2)

r33 ctsa

• This work wa supported by the Joint Services where _ - 377 ohm, n is the free carrier con-
ElectronJcs Program (U.S. Amy, U.S. Navy, U.S. eretp ca s the freetcarrferecaio
Air Force) under Contract N00014-79-C-0424 and cantratfon, cac is the acoustic deformation
by the Army Research Office under Contract potential constant, c is Lhe dielectric con-
"aAC 2940-¢-0011. stant of the material, c9 in the longitudinal
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Hot electrons
-in layered semiconductors
The size of semiconductor devices has decreased so much that
classical treatments of semiconductor physics become invalid and effects
involving supra-thermal electrons take on a new importance.

Karl Hess and Nick Holonyak, Jr
As electronic systems-and especially not simply -proportional to the field article we will discuss some of the
computers--are used more and more strength that is, Ohm's law breaks effects that will be important in future
widely in almost all area of endeavor down. We shall discuss this point more very-laryieale integrated circuits andand daily life, the semiconductor tech- extensively later. in optelectrni devies.
nology on which they ar based is being To illustrate the reduction in sei
pushed to ever larger-cale integration that hus accompanied the progress of Mot totrOI
Md ever reater minaturbutlon. As semiconductor technology, we show in As electrons move through the cryw
the devices get smaller, and smaller, figure 2 the original point-contact tran- tal lattim, they interact both with each
nw problems (and maybe new opportu- sistor and a modern layered quantum- other and with the lattice. In electron-
n",,ti) appear. well heterostructure. (We should ic devices, ths applied electric eld

One consequence of the reduction in point out, though, that the point-con- supplies energy to the electrons. If
does is that the fds acoelerating eleo- tact transistor was a much smaller electron-electron collisions randomize

an trsand hole through the crystal device than the junction transistors the carrier energy, one can define a
become very lar, so that the carriers that were subsequently most widely temperature for the electrom even for
acquire large kinetic energies. The used in practical devices) very high ields. This temperature T.
equations of motion for an energetic As we mendone the electric fields is always higher than the temperature
electron in the lattice can be apprecia- in small devices can become very of the crystal lattice TL, The differ-
bly different from Newton's laws; its larg. f we amume that operating ence between T and TL depends
(inertial) mm can for ezample, appear voltes Of semiconductor devices are strongly an the electric field (atually
to be Infinite or even negative. This around 5 V, then the maximum electric on the square of the fild because rever-
has nothing to do with relativistic @f fields in a typical device oftwenty years a of the ld must not lead to negative
feets but is due to Bragg relection. The ago was on the order of 10-100 V/cm. tempecatures)andon thedetailsof bow
non-lines t of the equation of motion In a present-day in circuit the the electrons lose their energy. In all
is illustrated in figure 1, which shows average fields are 0 V/cm and mai- practical ces the electrons low theirlines of equal energy in momentum mum fields ae an order of magnitude energy to lattice vibrations. We thus
space p(kace) forthe semiconductor larger. At such field strnmgtha silicon have a picture ofa highly mobile fluid
o g.. lallitun a nids s For a f partie., and germanium become non-Ohmic at at high temperature (the "electron
these lines would be circles, they are roomtemperature. Fields on the or- gas") moving through the cooler crystal
near the origin in figure 1, because the der o" 10' V/r are encountered be- lattice and losing energ to it.
e nergy depends only on the magnitude tween neighboring gates of charge- We know that conducting wires begin
of the momentum. The complicated coupled devices and in quantum-well to glow if too much energy is trans.
shapes of the cu for large k idi- layered devices. Such large fields may ferred from the electron gas to the

*cates that the relation between energy also be approached in the very-large- crystal lattice. We wuld Ike tooem
and momentum is o pic and not wale integrated circuits that are now phasize, however, that even if the lat-
quadratic. Electrons then do not nee- being developed. tice remains cold (a situation that often
serily move in the direction of the At fields larger than 1000 volts/cm can be arranged), the temperature of
electric field and their average speed is the charge carriers in a semiconductor the electrons can be exceedingly high

amaccelerated far above their ther- cad canot he ontrolled by any cooling
The Wtc weP Weso atmal-equilibrlum energy (given by the mechanism (other than the slow heat';The aAt~ors a qrepromeeors Of e*I UEnl" lattice temperature). Under thee cir- le to the lattice) A typical example

no@ hi af VWINivriY of l~nds, LkbeflI:.'e d Hests * amumuoCttCor d cumstances so-called "hot-electron ef- would a pieeofsilicon, let usy, to
Sau Le ahoslorM H y WNWgo fects" become important and many of which an electric field of 2 x 10 V/cm
a nww w at te meiafis Asewh Laora the familiar concepts of semiconductor is applied; the electron temperature
Wy at Vms nty., physics lose their validity. In this rims to 1000 K no matter what the

..4 IHYSlCs TOOAY , OCTOWER twO
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,K Monte Carlo simulation of real-space electron transfer In Ga.As-AIGaAs
heterostructures

T. H4. 'Gliaaion, J. R. Hauser, and M. A. UttleJahn
DwtmranfEIZWui*a L£aajuwiq N.,r Ceriline SAMw UniWrW aeigh, Neeth Carrdanif 2 765

K Hes B. G. Strestman, and H. Shicif
DqmauefEt @feJWE5,Jnwwq an4 Cmaiiwud ScaaLaboratoi. Unwir*,ofIR ietr (ke-
champaig.
Ot(eceived 13 March 19805,kftftfor publication I1I June 1980)

The Monte Carlo method has been used to simulate electron transport in OsAs/A]GaAs
hetrosuctruswith an electric field applied parallel to the heterojunction interface The

siulations indicate that a unique physical mechanism for negative diffesrential conductivity is
provided by such layere Ihterostructisreswhich is analogous in many respects to the Gunn
effect. This mechanism has been termed 'reul~spece electron truzsser" since it involves the
transfer of electrons from a high-mobility GaAs region to an adjacent low-mobility AIGaAs

reinas the applied electric field intensity is increased. The simulations further indicate that the
iprat details of the resulting velocity-field characteristics for these layered heterostructures

cnbe controlled primarily through material doping densities, layet thicknesses, and the material
properties of the individual layers. Thus, the phenomennn of real-space electron transfer
potentially provides the ability to "engineer" those basic material rroperties which influence the
performance of negative resistance devices.

PACS numbemw 72.2OJv, fl.8O.Ey,

L INTRODUCTION 0nergy distribution of the electrons iii onth lavers was ass-
wined to be Maxwellian, with the GaAs at an elevated temn-In arfectent paper' a new mechanism for obtining nega vt h eprauenLeA.a..A

tive differential conductivity in layered heterostructures wa aue tcb eqal wto thelie temperaturte TI, . -As d
described. This mechanism is based on the transfer of hot ~ asne to esequial tote ticeei tieatue known hat aod

elecron frm hgh-obiity a~slayrs andichd ~high elect ric fields the energy distribution functions in polar
tween adjacent low-mobility Al, Gal - ,As layers. The re- eiodcosaehhlnnMBNeia.()Teris'i
sulting negative differenitial conductivity is analogous to the

Gm efec, ecepttha th elconsaretranfered n ~ energy exchmange between the layers because energetic carri-
spac rater tan n moentu spae. rs are flowing out of the GaAs and cold cairriers are return-
spac rahertha in ometumspae.ing. (iii) Thme model does not account fait electron tempera-

* To properly describe real-spac electron transfer, it is ture gradients or electron-electron interactions.- (iv) The
aecessarytoamcount for the scattering mechanismencoun- complicated bond structue of the niuimlayer heterojunc-
tared by eletrons being transported at high kinetic enrg ions (e.g.,the role of the L minima in the two materials) was
in the potential well in the G&As, which exists due to the nct considered.
conduction band discontinuity between GaAs and AIGaMs. It is possible to include (ii) and (Iii) in a simple theory
A mechanical analogy to real-space transfer is provided by ising the method of moments. 3 Thb type of calculation is
the eample of a ball rolling down a chute. The bell will say dercrit'ed elsewhere.' The only calculation capable of iimul-
in the chute if its kinetic energy remain small. However, if taneously including to), (i), and (iv). however. is a Monte
dite ball gpins adequat kinetic energy, then an obstacle can Carlo calculation. The purpose or this paper is to describe
scatter the ball out of the chute A similar effect occurs in a the results of a Monte Carlo study of i ral-space transfer in
layered heteretuture wheritelectronsdrift in the potential GaAs/AlGaAs layered heterostructure'. The Mente Carlo
well under the ittuec of a high electric field. If the mobil- calculations predict a forgstive differential conductivity for
idies inside and outside the well can be conitrolled, then the Prorerly chosen heterostructures. The &dvantage of this neg-
transfer of electrons from the well can be used to control the alive rcsistagwce miechanismi over the !lernil Giinn effiect is
current-voltage characterisitis of the heterostructure de- thata.ll thme esntial materials paranittvi-s cin be "cngi-
vice. If the mobility outside the well is much lower than that iteered**. For example. the peak-to-val-ey ratio can be con-
inside, the effect results in a negative differential trolled I'y the layer width and mobility r~tiio 6including mod-
conductivity. tvl2tioidopine)'. the onset of the negati ve ditlerentiai

In the previous paper,'I the real-spece transfereffect was resistance ran bie controlled by the Ai m~ole rraction (barrier
examined othboko temnieisoncurrents"; height), and finally the speed of tme device can be controlled

thtis, the densities of electrons inside and outside the well by the layer thicknesses. We also show that the real-space
wncalculated by balancing the Rtichardson currents.' In I ran-ifer eiTect 1 hould occur well befoi e the Gunn effect (k-

thesecalculatioms the layers were treated independentlyand %pace trans~fer) for junc'ion barrier heights of approximately
aergy exchange:betwesen the layers wasanot considered. The ZOO meY in GaAs/Al, a ,As-hetmirstructures.

516 J LApP.RL 51s(1). Oeftmr IN @O2-67g/eO/IMA4905SO01) D 160 AnOfme InSti t Py~iCS Ss



Measurements of hot-electron conduction and real-space transfer In GaAs-
Al Ga -. As heterojunction layers

M. Ksswr, H. SN&j, K. How . Baneres, L Withkowsid, H. Morkogr and B.
G. Smfreln
Dqvm8&W V/Shwkei Eglueeri old the Cod Scenee Labsvem76 Ubity qfi nuis at
V iA Cla ye1 U,bow lau& 6180o

(Received 25 Augut 1980; accepted for publication 16 October 1980)

Meurm of the currmt-voltae characteristics of GaAs-Al. Ga, -. As heterojunction
layers are rWpW The experimental results are consistent with the idea of real-space transfer of
the dectos out ofthe Gak% iw the AI2 Ga, -. As under hot-electron conditions. Current
saturation and negative differential resistance are observed as predicted by Monte Carlo
s mulation

PACS numbers:- 72.20.Ht, 73.40.Lq

Electronic transport in semiconductor hetojunction scribed here.
• layers has attracted considera interest sim Dingle and In this letter we report measurements of the high-fleld

c. co-workers verified mobility enhancement in modulation- characteristics of Al, Gal -. As structures grown by molec-
* doped structures.' Such enhancement occurs when electrous ular beam epitaxy (MBE). The doping density in the

leave their parent donors (e.g., in the Al, Ga, - As) and Al, Gal -. As layers was ND= 10" cm-3 and the GaAs was
transfer to a neighboring undoped layer which has a smaller not intentionally dopedL The mobility in the GaAs layers
band gap (e.., GaAs). Thus the electron will not be sat- was enhanced over the bulk value for equivalent doping and
tered stronSly by the remote imputies (doanors) and the mo- was typically 2 X 10 cmz/V s at 77 K. The mobility in the
bility in the GaAs will be enhanced. Although there are Al.Ga, -,,As layers was around 1000 cm2/V s between 300
some subtleties, including an enhanced phonon scattering and 77 K. The doped AI.Ga, -.As layer was 1000 A thick

2rate, this improved mobility is rdcted by the experiments, in all cases, whereas the GaAs layers varied in thickness
Theoretical investations, of bish-field transport in from 400 A to - 1.0 pm. In some of the samples the GaAs

these layers led Hess et al. to conclude that when a high layer was sandwiched between the doped and a second (un-
electric field is applied parallel to the layer interfaces the doped) AI. Ga, -,As layer. Because of the pling force of
inverse pocess takes place namely a transfer of electrons the donors we think that the actual width of the GaAs layer
from the GaAs layers back into the Al, Gal - ,As layers in relatively unimportant, since the electron in the GaAs
This process can be viewed as the theranonic emission ofhot will always be within IWo A of the doped Al, Ga, _.As
electrons, and has simple mechanical analoies.' A Monte layer. Although x was 0.17 for most of the data reported
Carlo simulation of the real-space trajectory of an electron here we have made similar measurements with x increased
for a doubne he rjnc of AIGa, - ,As (x - 0.17) is to 0.25. Au-Ge contacts were evaporated on top of the layer
shown in the inset of Fig. 1. After some rlections an ec- (top layer Al, Gal -. As) and alloyed by heating at a rate of

, trma in the GaAs layer gin enough kinetic energy from the 400 "C/min in flowing H2 to a fin temperature of 450 SC.
applied dectric fidd to move out ofthe potential well caused Contacts formed in this way proved to be ohmic in most
by the band-pp difference betwe the two materials. More cam. The distance between the contacts was 0.065 cm and
enact tre tmem of this effect including quatum-mechm- the width of the samples was about 0.1 cm. Measurements

- cal transmission coicients do not reveal new features for were performed muing short current pul The measuu-
this pcu4 The movement Of the hot lectrons back into meats were taken at times between I and 600 ns. The sam.
the low-mobility Al. Gal, -As material will of course lead pies were mounted in GR insertion units and the usual 50-0
to a nonlinear behavior in the current density. Figure I sampling oscilloscope x-y recorder technique was used.-' Be-
shows the current-voltae characteristic of the double- low we report five groups of resul
heteMjunction structure shown in the inset. These results (i) Unusually strong acoustoelectric sound amplifica-
were obtained from Monte Carlo calculations.' The magni- tion and accompanying negative differental resistance (inset
tude of the negative differential resistance in such a curve Fig. 2) was observed in some samples at 77 K at very low
depends on the doping densities which control the free-carri- electric fields of about 300 V/cm having incubation times as
er concentrations and mobilities in the Al, Gal - ,As and low as - 3 ns. This effect did not occur at room temperature
GaAs layers. A very high doping density in the (the samples were too sb6ft) and was not observed in any of
.Ga , - ,As causes a high concentration of scattering cia- the samples for which results are reported below. A detailed
ters which results in a very low mobility and high resistance report will be given in a subaequent publication.
in the Al, Gal - As and therefore can yield large peak-to- (ii) In samples not showing the acoustoeectric effect
vale v ratios, larger than those observed in the Gunm effect, (about 40 samples from 5 wafe) onset of current saturation

* which is based on the k-spce analog of the mechanism de- or slight negative differential resistance was observed at an

n6 ,s. A Ph .LOuiS (1) I JwSiy 1 61 00034M951/o/0.100364M.50 8 *13 Afl15m1 m 1i ofdPhyU 36
.. %
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LETTER TO THE EDITOR

• "-"": I.-/",
Dynamics of pulsed CO2 laser annealing of silicon

Anjan Dhattacharyya and B 0 Streetman
ointed Sciene Laboratory and Departmbnt of lectrcal Ensinearin-Univmsity of llnois at Urbana-Mainvala, Urbana, minois 61801, USA

Received 23 February 1981

Abtact. We pinent a detailed caculatl using the method of finite dirncme to

study the dywanics of pulsed CO( law annealf of ion-implaUd Si. The caluations
arn based on a tbmal melt model, takln into account the tnmperature depndcs
ofan peanmt matWnnmt, uding theaWorpio iont. We invmdae
the 'tlermal rnmaway' behaviour and calculate tuh th old power desity to case
thermal runaway and surface eling of Si during CO. lase annealing.

Pulsed lasers have been successfully applied for annealing of radiation damage associated
with ion implantation in Si during device fabrication. Experimentally, work has been
mainly onfined to laser wavelengths in the visible and na-infared using a frequency-
doubled YAG laser at A-0.53 pm (Surko et a1979), a ruby laser at A=0.69 pm (Bell
et al1979) and a Nd:glass laser at A- 1.06/1m (Battachary et a/t1981). In allthese
lasers the spot-size of the laser beam on the Si sample was typically a few mm in diameter.

.... Hence, to anneal a la area it was necessary to use successive overlapping pulses,
leading to nonuniform crystallini quality in the overlap reions. Pulsed COs lasers have
the distinct advantage of having considerably larger spot-size, and are therefore very
promising for laser annealing of large Si wafers commonly used in industrial production.
At 10.6 pm, the absorption coeficent of amorphous silicon is much smaller than that of

o.. .. . crystalline silicon having lr donor concentration. Hence, for annealing with a CO,
laser it is advantageous to implant the sample with a moderately high ion dose without
driving the sample amorphous.

It is now well established that the physical phenomenon behind pulsed laser annealing
is thermal melting leading to liquid phase eptaxial regrowth. The dynamics of pulsed
laser annealing for amorphous silicon using a Nd:glass laser (Bhattachryya et a/ 1981)
and for crystalline silicon using a frequency-doubled YAG laser (Been et at 1979) have
been studied in detail. We have recently calculated (Bhattacharyya and Streetman 1980)
the tempeture variation of the free carrer-, absorption in Si for a COs laser and with
suitable approximations have analytically investigated in the 'low temperature' region
(T< 1150 K) the phenomenon of 'thermal runaway' during pulsed COs laser annealing
of Si.

In this paper we present results of calculations using the finite-difference method of
solving the nonlinear heat conduction equations to investigate the phenomenon of surface
melting and crystalline regrowth. -The temperature variations of all the various physical
parameters have been Mken into f consideration to provide a predictive theoretical

... modeL We 114 that the temperature dependence of the free-carrier absorption coefficient
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Real Space Transfer Noise in Buried-Channel
Devices

JEFF Y. TANG AND KARL HESS, umMBE, iEEE

Absbuct-The &dom due to te Willig at hot elecfton out at pos.
thE web a"n inbaquent Saph is oekuistei. This mobs Is the ted CloCk
qme audor to the Iaftvalky mais In haindgI dvlcei- Ouw neet

dww ot his oinonebe koma tarbefmiudom rs es o.
th o k ~T this m b a e imrand ion htome cldo isT ad

T aples f o sauri cmLud Roswe annlfo r h ea
sce m of boded-duaad chewsouplsd dewlee becam. for btndL~.N

ote devies th" type of mobs ca be dived ama special ems.

zP-SubanU@MVN

1. INTRODUCTION4,

TT HAS BEEN SHOWN in numerous pipers [11-41 that ftg 1. The o-ebaamad 11=6 modl ased in ow calculation With pte
Ithe Motion and population of electrons and holes in poten- MOgt L -Sam, pp dO- .01 pm, thibees of oxide kyor Z01

tia wels laya sgniicat rle n te pysis o sedcoducor 0.04 on. impated lsaw depth ZI - 0.5 oan, backround doping

devices. The conducting channel in MOS devices is frequently p-25X1Sm3,edmlatiodnof40X0'c".

buried in a potential minimum mwy from the interface to ho electrons out of layers with high mobility to lyers with
avoid trapping in interface states. Ordinary surface-channiel low mobility.
MOS devices have narrfow potetials wells at the 51410, inter Clearly, noise can be introduced by this hot-electron emis-
face which lead to Size quantization. The Potential wells Of dion meechanirnu. In general, the noise willdendoth
heteroatnacture layers are used in numerous ways for OPOCOC history of the emitted electrons, for example, on trapping sub-
tronic devices and FE's. Modulation-dopetl material offers sequ~ent to the emission procem. The trapping could occur in
the possibility of producing potential wells with very high deep levels in N1GaI~xAs layers ncibo.ring to GaAs layers
electron Mobilities. or in interface states at interfaces close to a buried channel.

Under certain simplifying assumptions, which will be spec- The generation-recombinatlon process has to be described
*ifled later, the electron concentration in a potential well is then by a rate equation which contains the free carrier concen-

*given by tration N, where N is given by (1) with 0 being the potential

NNo exp [e f (1) at the Interface. A variety of situations can arise in various
devices. As an example, we perform the calculation fora

Here No is a constant concentration, 0 is the potential, an buried-chaniel charge-coupled dovie. We made this choice
Tite eecton empratre hih i no neessril Idntialbecaus of the nonstationary character of electron transportTe te eecton empratre hichis ot ecetarly denica nt this device. Stationary problemca be obtained from our

wihthe temperature of the crystal lattice. Gienerally, T. I treatment a special case.
controlled by electric fields which give rise to a drift current, Noise and efficiency limitations in a charge-coupled device
and T can be extremely high in high electric fields (up to are of vital Importance in all kinds of applicatins. Because of
several thousand degrees Kelvin). problem with interface trapping, the burled-channel charge-

The qstial distribution of N depends on T. as can be sen coupled device (BCCD) has replaced the surface-channel
fromn (1). For 7c ~ the electrons assume a constant con1- charge-coupled device (SCtD). noe potential, minimum (the
centratlon. This means, for example, that we can generate aplcwhrmotfteeeton a )isuhdaayrm
transition from a burled-channel device to a surface-channel plae whterae bMos ofigf the electrons reie)irpe away fro

P_ device by creating hot-electron conditions with high electric erated by high fields at some place they can still spill to the
fields [21. On the same basds, electrons arn emitted into sub inefc hc ase os noss
strates in FET's which is also an unwelcome effect. It was
shown theoretically that this effect can also be used to create 11. THEORY
negative differential resistance (31 by thermionically emiltting The rate equation for areal density of occupied interface

I -esltoced Augus 1, 1960; revie October 20,1980. TIMstae sgvnb
work wa; supported by the U.S. Anmy Reemch Ofic ad the Joint dNr,
Sew le ~ctrul Propu une Cmunat 140014 .79-C-0414. (rs-NSC~ wT st

The author awe with the Depermnt of Electric Engineerind d nNT N)N ,NT , 2
hmpshprbea0a, IL 61801. where Nr7 s is the areal density of traps, C,,Ns and e,. are the
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I A Carrier Temperature Model Simulation of a
Double-Drift IMPATT Diode

HENRY J. KAFKA, MEMBER, IEEE, AND KARL HESS, MEMBER, IEEE

Aboert-A computer simulatin of doubledt si IMPAIT lattice temperature TL. The Maxwell-Boltzmann distribution
diodes is prseted. The modelis esentiall ie coventionl drift- plus the usual drift term fi is expected to be a fairly accuratedincien =ode with two dignifaot caprov io i o approximation to the actual energ distribution of the carriers
afflets ar assmed to be function of carder temperature rathe
than loaI electric field, and a description of the effects of the caiers' when strong carrier-carrier interactions are present. The high
themal conductivlty is included 111. our model incude a known carrier concentrations in the active regions of an operating
hot eectron effects ecept velocity overshoot (hot eectron drift, dit- IMPATT diode justify to some extent the assumption of the

fusio, relaxation, and hat conduction), and is eXact within the frave- same Maxweil-Boltzmann distribution for both electrons and
work of an election temperature md holes. The equations for the current are used in the form de-

rived by Stratton [5], which is most appropriate for the in-
clusion of hot electron phenomena. We give only the equa-

HE PURPOSE of this paper is to report on the develop- dons for electrons
ment of a set of computer programs which use a carrier

temperature model including hot carrier heat conduction ef- /, =qnpF q (Dnn). (1)
fects to simulate one-dimensional semiconductor devices in

the time domain, and to report on early results of the applica- The equation of continuity is written as
tion of this simulation to a double-drift silicon IMPATT diode.
This type of diode has very high electric field gradients and an 1. a.
rapid time variations, and these are the conditions under which =G+ q (2)

the carrier temperature and heat conduction effects are ex-
pected to be significant [II. A more detailed account of the where G is the generation rate (an expression for G is derived

simulation program, and further results will be presented at a below), n is the electron concentration, D. the diffusion con-

later time. stant, g, the carder mobility, and F the electric field. Fur-

In previous work, the large signal behavior of IMPATT di- thermore, we use the Poisson equation and the following
odes has been simulated by digital computer programs, which equations for the electron temperature and ionization rate.
use finite difference methods to solve the well-known set of The equation for the carrier temperature has been given by
partial differential equations that govern charge transport [21, Hess and Sah [6] for electrons (some of the derivation can be
[3]. While work has been done to improve the accuracy and found in [5]), and when generalized to include both electrons
efficiency of the numerical techniques used to solve these and holes it becomes
equations [4], little work has been done to improve the simu- a
lation by using a more sophisticated set of partial differential [(n + p) (M] =(in +1pj)F+n I
equations, which incorporate other semiconductor phenomenad , coi
in the device model. The application of the carrier tempera- + d\ + ± aTa
ture model to the simulation offers an opportunity for this \d\pir, a. ax
type of improvement.

The carrier temperature model assumes that the spherical + . - /P) -rE (3)
symmetrical part of the energy distribution to of the carriers q (rE
follows a standard Maxwell-Boltzmann distribution at the where (dE/dr)0 olI indicates the energy loss rate of the respec-
carrier temperature T which is greater than or equal to the tive carriers due to collisions (either ionizing collisions with

other carriers or collisions with phonons), and K is the thermal

Manuscript received March 5, 1981. This work was supported by the conductivity, which is given by
US. Army Research Office and the Joint Services Electronics Program.
This paper Is based upon a thesis submitted to the Department of Elec- K a 2ka (D. n + Dpp). (4)
trical Enineering, University of illnois at Urbana.Champaign by H. J.
Kafka in pial fulfillment of the requirements for the M.S. degree. This can be derived as being analogous to Stratton [5]. kB is
H. J. Kafka is with Bell Telephone Laboratories, Inc., Naperville, IL. Boltzmann's constant. For the Maxwellian distribution
K. Hess is with the Department of Electrical Engineering and the Co-

ordinated Science Laboratory, University of Illinois at Urbana-
Champaig, Urbana, IL. -= k TC (5)
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Ballistic Electron Transport in Semiconductors

KARL HESS, MEMBER, IEEE

Abollor-The pomdiy of bdlb* transpot in smcooductm Is simplicity). At time t -0 we apply an electric field F which
dbemdm d cdtukm asm farth e d lvadficam of bd- accelerates the electrons according to the well-mown equa-

Kok IaIiuc The -"ad of porely bdushe motion, velcty ownCoe tebaddeefc
,o and I ..imT o .amn of .w te a moeiom, ido tions of motion. Close to the bmdedge we may use the effec.
qpw eMW g. ied egie for devs p is tive ms (m) approximation. As time progresses, electrons

start to be scattered by crystal imperfections and by interac-
tions among themselves. The electron-phonon scattering

L INTRODUCTION' evens Iand the electron-electron scattering events have two
T HE IDEA of electrons lucky enough to escape collisions entirely different consequences. Since the electron-electron

with crytl imperfections was first conceived by Shock- scattering conserves the total momentun and energy, it
ley in context with Impact ionization phenomena [1]. The influences the electronic current only indirectly by establish-
semiconductor material of the early days, however, contained ing a distribution function, Le., by broadening the monoen.
sufficient avoidable imperfections to make the collision rates ergetic starting distribution. This effect has been investigated,
of the order of 1014 s-1 and the mean free paths of the order but not in enough detail to predict its consequences at the

" of 10-7 Cm. Current semiconductor materials are frequently very beginning of the transient of the distribution function
so pure that only the unavoidable imperfections, the phonons, from the 6-form to its stationary value [9]. Qualitatively, the
contribute to scattering, which brins the scattering rate to electron distribution develops with time as follows. In the
values of 1012 s"' and less, for energies below the energy of initial stage the electrons move nearly ballistically. As soon as
optical phonons. Above this energy, the scattering rate is a substantial number of electrons has been scattered by pho-
boosted to 10"3 s-' in practically all semiconductors because nons, the electron-electron scattering will do the rest and
of spontaneous phonon emission [2]. In addition to the ef- drive the distribution function to its stationary value. Thus
fects of nonequilibrium statistics, this steplike behavior of the far, investigations of ballistic transport barely accounted for
phonon scattering leads to an overshoot of the electron veloc- electron-electron scattering, which will be enhanced by the
ity over its stationary value on short time sales or in inhomo- space charge effects described in [4]. (In very small structures
gmneous electric fields. This was first discovered by Ruch [31 the electron densities are rather high because electrons are
and calculated for SI and GaAs by using Monte Carlo methods. pulled out of the contacts.) Some of the previous treatments
It is clear that this effect can be used to enhance the speed of of ballistic transport are incorrect for two other reasons.
semiconductor devices if the device has a suitable field distri- Shur and co-workers [4] -(6] used steady-state Monte Carlo
bution. Since in small devices, charge neutrality is of minor results to obtain their characteristic time constants. This pro-
concern (spate charge limited range), the electric field is auto- cedure implies a steady-state distribution function, which is

maticall.y iho ous. The effect of an lnhomogmneous very different from the true 6-like ballistic distribution at
field caused by space charge limited conditions was first added short times and distances. Therefore, they compute extremely
to the overshoot effects by Shur and then investigated in a high average electron energies (high speed) by using a distribu-
large number of papers [41-[6]. Recently, the claims in [4]- tion function with a substantial amount of electrons at low
[6] have been subject to controversy [7)-[81. It is the put- energies. As we will see at low energies, the scattering rate is

. pow of this paper to dar the physical content of this con- significantly lower than at energies above the energy AWLO
troversy, to develop the basic concepts, and to assess the of the optical phonons or above the energy when electrons
practical chances and use of purely ballistic transport. can be scattered to other band extrema (=-03 eV for GaAs).

Furthermore, in [4] -[61 the computations are applied to re-
IL ANALYTICAL CONSIDERATIONS gions of the electron energy where the GaAs band structure is

4. Hooneosw Flelds and Caener Dedrty very nonparabolic. According to pseudopotential calculations

Consider a number of free electrons which have a monoen- [101, [11 the effective mas is already infinite or even nega-

ergetic distribution (i.e., the energy distribution function is tive for some of the highest energies computed in [41 -[6].
641k.; the thermal broadening is neglected for the sake of To obtain a better feeling for the numerical values of timeconstants and distances involved, consider the following equa-

amcrdpeceved J y 20, 1981. This work was supportedintion (usually used in Monte Carlo simulations) for the time T
pen by the Army Resmarcb Om, the Office of Naval Research, and which an electron moves without collisions:
the Joint Servics Eeconks eProramn.

* The author b with the Department of Electrical Engineering and the r
Co,.diated Sdne Laboaory, Univerity of Illinos at Urban- lnr-- dt.
Chmulmeg Urbe, IL 61801. (

0018-9383/81/0800-0937S00.7S 0 1981 IEEE

-, U7 -. ...



~i Lr TN.'ACPiONS ON L. v I'O L%1 HDI'&' A ND .LAc ru(''I%G TW OLOC . 'OL CH.IT-. NO t. %ic'slu ," 4-

Electrical Activation and Impurity Redistribution During
Pulsed Laser Annealing of BF, Implanted

Amorphized Silicon
ANJAN BHATrACHARYYA, VENKATRAMAN YER. BEN G. STREETMAN. pui.ow. inm.

JUDITH E. BAKEM. Apm PETER WILLIAMS

Abstract-Resaults of experimens studying the eecirlca e&sioa not electrically activate the tal of the B distribution, located
and impurity redistributio dies annealing of F2* iptOP1N below the original amorphous-cystafne interface 11]. Only
amorphized silica, with a Q. witebod Nd:llan laser (I = Z.0 im) of in a thicker amorphous layer, formed for example by multiple

97. amful-wdt haf-axium(FWNM) are preansed. The
ein are explained o the hasis of a thermal meing Si predamage implants, can the entire B profle be activated

nuidel. The las nuane necessaryp toint unist ming of the front [I].
surface was determined using time-rnesved rallectivty meaure- We have used the technique of pulsed laser annealing to
menu. The samplas irradiated with laser finances just helow the activate electrically the B distribution by liquid phase epit-
melting threhld and with highe fiaces pOdUig ni t axial regrowth, thereby avoiding the complication of im-
uccessively deeper regions inside the maerial were specifically

investigated. It was found that for full electrical activatiom. the laser plantin B into a thicker amorphous layer produced by sr
fluence should be large enough to moll past the original morpious- implants. The mechanism of the law-solid interaction during
crystalline interface and the underlying damaged layer, leadi to pulsed laser annealing is explained.on the basis of a strictly
liquid phase epItaxal reqrowtb and - 100 p ent electrical thermal melting model [2], 13]. The laser fluence cone-
activation. sponding to the melting threshold is determined experimentally

by time-resolved reflectivity measurements [2], [3]. The

INTRODUCTION boron atomic distributions are determined by the secondary

mHE implantation of BF: molecular ions into Si is a useful ionmasspectromety(SIMS)technicue.Differentialresistivi..T mehod for ac tor do*& in whih B proides the and Hall effect measurements in conjunction with successive
dopat and F accrptoes the amorphization BI]. The nge layer removal are used to obtain the electrical carrier distribu.
statad acopistcstferamorehlaion [ plants Thn be rete tions as a function of the laser fluence. We fimd that to ob-*statistics for molecular ion (BF: ° ) implants can be predicted tarn full electrical activation, the depth of melting mut ex.

by assuming that the BF. molecule splits into its components cin the extended tato the deet dismebtin, ich es

with energies apportioned by mass ratio. For example, a IS- r ee the calcuated e The di seonce wfi,* kV B2 mlecle esuts n to ". wth 8 kV ad ~ much deeper than the calculated value. The presence of such
t F 4 moleule reslte Sin two. Fimla with and one an extended defect distribution has been attributed to en.I I B w ith 1 4 k eV i n th e S i s im p le . B F .. im p lan ted S i, w ith - b n e i f s o n p r i l c a n l i g [ )

fluence a I X 10s an-:, has high electrical activation after hanced diffusion and partial channelling [4J.
low-temperature thermal annealing, and p*-n junctions formed EXERIMEN AL METHODS
by BF.* implants have low reverse leakage current. For the Wafers of 4 f-cm phosphorus-doped (100) silicon were
fabrication of devices requiring shallow p regions. BF,* is
easier to implant than B, since the implantation energy for used in this investigation. BF: was implanted at room tem.
BF is much larger than that for B' to form identicalboron perat t 10 keV to a dose of X 10 s cm-:. To reduceni istrichutirgersan m for Bs tobe forbem encaon channelling effects, the implantations were performed a few

*range distributions, and more stable ion beam currents ca eren-)aa fo h ufc ora.Ti mlns
therefore be obtained for BF:* implants. Another advantage dion produced anarou le fce ss 35 ation produced an amorphous layer of thickness "13ZS .4. as
of BF.' implantation is the amorphization provided by the determined by HI: etching experiments [I ]I heavier fluorine atom. Conventional thermal armealinj at55hea esluorinegwtom Cove the ma a nnlayealin t es Laser annealing was performed in air using a Q-switched
"S--O0C results in regrowth of the asnorphized layer, but doesNdlssaer( 6j-mwih7.nsulwdthl-Nd:gl=s laser (A - 1.06 1.mn) with 27.5 ns fuD-width half.

maxmum (FW ). The laser pulse energy was varied from
Manuscript received February 13. 1981; reVind August 13. 1981. 1.0 Jcm-: to 4.0 Jem-: using absorbing filters. The meltingThis work was supported by the Joint Services Electronics Provana

.( . Army. U.S. Navy. U.S. Air Force) under Contract N0004-79.C- threshold was determined by using a He-Ne laser to monitor
94:; by the Army Research Office under Contract DAAG 290C- the reflecti ty of the front surface. Using a photomultiPlier
0011. and by the National Science Foundation under Grant DMT-77- tube (EMI 978B) of rise time 1.8 ns and a 400-MHz Tek-.
3999. I was presented at the 1961 Electromc Components Con- O . the transient si .,1s were recorded.

ferenee. Atlanta. GA. May 11-13.
A. Bhartacha,.'y V. lyet. and B. G. Streetman are with the Co- The melting threshold was experimentally determined to be

ordinated Scionce Laboratory and Department of Electrical Entneer- larper than 1.0 Jcm-. Samples were annealed with laser
.* i;ng. University of Ilinoisat rbara-Chamtcaign. Urbana. IL 61801.

J.E. Baker and P. W11ams are with the Maleriuls Rearch L.abota- Aucnces of 1.0. :.S.. and 4.0 J=-: for study wIth the
Iton. Lniversity of Illinois at Ubn..Champair:n. 'rbana. IL 61801. SIMS und the Hall effect neasurcments.
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TIME DEPENDENCE OF CURRENT AT AlGaj_.As with a doping density of No 10'; cm- ano
HIGH ELECTRIC FIELDS IN was 0&I pmn thick. The GaAs layer underneath was not ien-
AIxGai -LAs-GaAs HETEROJUNCTION tionally doped and ranged in thickness from OO07jum to 1-6pm.

*LAYERS It was sandwiched between the top doped and a second
(undoped) Al 5Ga 1 -.As layer in some of the samples. The mob-

Indexing terms: Semi conductor lasers. Seiconductors (III-V), ility in the GaAs layers was enhanced over the bulk value for
Surface acoustic wares equivalent doping and was around 20000 cml/Vs at 77 K. The

doped AIGaAs layer had a mobility of about 1500 cm2 Vs.
Measurements of the currentivoltage charactristics of Most of our knowledge of carrier concentration and mobility
layered AI.Ga, - As.GaAs heterostructure are presented.
We show that under special circumstances surface acoustic ctgpuscuiph
waves can be amplified in these structures by surface acousto- vlcrPW5 CO1I A
electric effects which might offer new device opportunities. In 5.
samples where the low field conduction occurs mainly in the I

GaAs. we observe at high fields short current peaks which we
attribute to the modulation of the hot electron depletion layer 3 3
width, which is consistent with the idea of real-space transfer.

It was shown in a series of papers"' that semiconductor 2 2
heterojunction layers can exhibit unusual properties in high f

electric fields Elections which first accumulate in the layers
with smallest bandgap energies can be heated by electric fields
to suprathermal levels and can then be thermionically emitted _________

into the neighbouring material with a higher conduction bend 0 10 20 ~
energy. It is clear that by suitable selection of doping, layer W"'.'tMutn5 _

:,,m

width, alloy composition etc. this effect can give rise to a new a
class of hot electron phenomena. The possibility of construct-
ing Gun n-like devices with this electron transfer in real space ~~G~
(instead of k-space) has already been demonstrated.' In this Al..-jGaJJi~s~
Le-tter we report two further phenomena associated with the
introduction of bandgap discontinuities and layer boundaries.
The first effect is the observation of peaks (-I ns) at the .......-..Li--tL.--......GaAs
beginning of the current pulses which we attribute to hot elec- .J Jt J
tron modulation of the interfacial depletion capacitance. ______________

The second effect. found only in samples with high doping in
the top semiconductor layer, also shows a current peak at
times between 1-200 ns. This peak. however. is attributed to Fu

Fi..

the stimulated emission of surface acoustic waves, i.e. a
modified form of the acoustoelectric effect. a Leading edges of voltage pulses and corresponding current

pulses for electric fields of (1) 1'! kV cm, (2) 2-7 kV-cm. (3) 50
Measurements were made on GaAs-AIzGa,-,As (0-17 :s kMcni (4) 7-3 kV.cm and (5) 8-1 kVicm

x e, 0-2) structure grown by molecular beam epitaxy (MBE) h. Sample geomecty showing AIG&As and GaAs layers and equi-
on semi-insulating GaAs substrates. The top layer was valent circuit containing depletion layer capacitance

*ELECTRONICS LETTERS 22nd Janury, 7981 Vol. 77 No. 2 93
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. was obtained from Hall efleet data. which reflect only avcragc than the NI)R ohscrved in connectioi with rcal space
. concentrations and mobilities for the sample. Au-Ge contacts transfer.' The AIGaAs mobility of our samples was about

were evaporated on the top layer (AI.Ga, _,As) and alloyed by # - 1500 -.m/Vs. which makes uF =- r.. the longitudinal
heating at a rate of 400"C/min in flowing H 2 to a final tempera- sound velocity in AIGaAs. This fact. together with the depen-
lure of 450°C. These contacts were found to be ohmic in most dence of the long incubation time of the current drop on the
cases. The distance between contacts was 0-065 cm and the electric field and the disappearance of the effect at 300 K for
width of the samples was approximately 008 cm. The experi- our sample length (higher lattice losses) strongly suggests an
ments were performed using 600 ns voltage pulses and the explanation by the acoustoelectric effect. In contrast to the
measurements of the current/voltage characteristics were taken bulk acoustoelectric effect, however, we amplify the sound
at times between I ns and 600 ns. The samples were mounted waves in a layer of - 1000 A near the surface, which determines
in GR insertion units and a 50 (1 sampling oscilloscope and x-yr the frequency of the amplified surface waves to be - 10 GHz.5

recorder were used to obtain the current/voltage It is worth mentioning that this presents a possibility of direct
characteristics. generation of surface acoustic waves which might be far super-

. Fig. la shows the shape of the current pulses at various ior to the bulk acoustoelectric effect because of the versatility
* electric fields. Within the first nanosecond there appeared a of the M BE crystal growth and the smallness of the structures,

peak in numerous samples which was only weakly dependent which can be made of the order of the coherence length of the
on the sample resistance and was not caused by the external generated sound. One can therefore avoid the incoherent
circuit (a dummy resistor of the same resistance did not show a amplification as it is usually found in bulk material.
peak). This peak was also only weakly dependent on tempera- In summary, we report two new features of heterujunction
ture and was observed at both 300 K and 77 K. The peak does. transport. One is the hot electron control of. the depletion
however, depend on the applied voltage and appeared in some capacitance, and the second is the generation of surface. samples only above the threshold for real space transfer (i.e. acoustic waves.

was correlated to the appearance of current saturation and/or This work was supported by the US Office of Naval
negative differential resistance). We attribute this peak to Research. the Army Research Office, and the Joint Services
changes in the depletion layer capacitance at the AIGaiAs- Electronics Program. The crystal growth facilities are also sup-
GaAs interface. As soon as electrons transfer back from the ported by the US Air Force Office of Scientific Research.
GaAs to the AIGaAs the depletion layer width is reduced and
the capacitance increases. Our experimental conditions were M. KEEVER 4th December 1980
not sufficiently definitive to evaluate this effect quantitatively T. DRUMMOND
as can be seen from the sample geometry and equivalent circuit K. HESS
in Fig. lb. It is clear that inhomogeneities of the resistance, H. MORKOC
contact effects etc. can influence the measurements in this B. G. STREETMAN

* geometry -and a quantitative experiment should measure the Department of Electrical Engineering and
transverse capacitance separately. Note. however, that this Coordinated Science Laboratory'
effect represents a new kind of voltage variable capacitance. It University of Illinois at Urbana-Champaign
should also be noted that this effect is not present in bulk Urbana. Ill. 61801. USA
GaAs.

In some samples in which the AIGaAs was so highly doped References
that it made the main contribution to conduction, a current I HESS. K.. MORKOC. . SHiCHUO. H.. and STREETMAN. a. G.: 'Negative
peak of a different kind was observed at early times (1-200 ns) differential resistance through real-space transfer. Appl. Phys. L..:
as shown in Fig. 2. This peak was also linked to a negative 1979. 35. pp. 469-471
differential resistance (NDR). This NDR. however, occurred at 2 GLISSON. T. 14.. HAUSER. J. R, LrrTLEJOHN. M. A. HESS, K.. STREETMAN.

77 K only and at much lower electric fields (F = 300 V/:cm) a. o.. and smicmio. H.: 'Monte Carlo simulation of real-space elec-
tron transfer in GaAs-AIGaAs heterostructures'. J. Appi. Phys,
1980. 51, pp. 5445-5449
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t ms NO 3 s.nCHIJO. H. HESS. K. and STREETMAN. a. G.: 'Real-space electron(I~tm) transfer by thermionic emission in GaAs-AIGa1_,As. hetero-

structures: analytical model for large layer widths'. Solid-State
I Electron., 1980. 23. pp. 817-822

4 KEEVER. M., SHICHIJO, H, HESS. K, IANEIJEE. , wTKOwsKL L.

MORKOC. H. and srREEIMAN. a. G.: 'Measurements of hot electron
; conduction and real-space transfer in GaAs-AIGa_,As hetero-

- junction layers'. AppL Phys. Lett- to be published
5 s, and a. "Analysis of surface

orthogonal functions'. J. App. Phys., 1978, 49, pp. 475-479
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Lateral Transport in Superlattices

Karl Hess

Department of Electrical Engineering and the
Coordinated Science Laboratory

University of Illinois at Urbana-Champaign
Urbana, Illinois 61801

Abstract. - Theoretical and experimental results are presented for lateral trans-
port in layered heterojunctiou structures. It is shown that the variability of
boundary conditions (periodic or nonperiodic) gives rise to a series of novel
effects with high device potential. These effects will be presented stressing the

*4' real-space - k-space analogy.

1. Introduction. - Vhen I heard in 1977 C. 31sum's "Look Over The Shoulder" pre-

sented at the meting In Denton 111, 1 did not realize that two years later I would

almost experience another direct proof of his last quotation from Regal (21. In

1979 Hadis vorko;, Sen Streatman and myself were led co the idea of real space

transfer in superlactices (31, an effect which Lnter alia can be used to produce

the real space analogy of the Gunn effect in properly designed samples. We per-

formed some prelnimiary calculations of this effect and submitted a manuscript [41

vhich %as characterized by the first 'referee as unimportant, incomplete, and Mostly

wrong. 'do would have stopped the work on tiL project, if we had not obtained con-

firmation of our estimates by sophisticated .icute Carlo calculations performed by

Glisson at a. [S1 and calculations with the method of moments by Shichijo at al. (61

as well as encouragement by discussions with J. Sardeem and H. Kroemer.

vAsnwhile we also learned more about already well known variations of the

real space transfer effect. Mons these variations are the electron emission from

silicon into silicon dioxide which was discovered by -Iing (71, the transfer of

electrons to a floating gate in read only memories and the diffusion of hot elec-

trens in graded gap semiconductors measured by Dargis et al. (81. Superlattices

and small quantum well heterostructure layers add many possibilities to these

effects. In fact, a general correspondence of i-space and real space transport

S:4 effects can be established. It is the purpose of this paper to describe the

Lateral transport in superstructures and to illustrate this C-space real-space

correspondnce on the basis of concrete examples.
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HOT ELECTRONS IN LAYERED SEMICONDUCTOR STRUCTURES

AND HETEROSTRUCTURES

K. Hess
a)

Electrical Engineering Research Laboratorya) and

Coordinated Science Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

N. Holonyak, Jr.

Electrical Engineering Research Laboratory 
and

Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

1. INTRODUCTION

Parallel to the revolutionary development of large scale integrated

*silicon technology much progress has been made in the technology and

basic physical understanding of artificial crystals, superlattices and,

generally, lattice-matched semiconductor heterostructure layers. For

example, heterostructure lasers (including superlattices) with low thres-

"J hold currents and flat temperature dependence have been successfully grown

using metalorganic chemical vapor deposition (NO-CVD), molecular beam

epitaxy (MBE) and liquid phase epitaxy (LPE)(1-3]. It has also been

possible to produce layered structures exhibiting extremely high carrier

mobility using the technique of modulation doping (4]. These technological

advances are presently stimulating large scale research.

In this review we describe common features of both metal-oxide-silicon
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(MS) devices and III-V lattice-matched heterostructure layers. These common

features are connected with the two-dimensional nature (size quantization) in

these structures and with "suprathermal" excitation of the electrons by high

electric fields or by optical pumping. We concentrate on spatial redistribu-

tion of electrons, or real-space transfer. The real-space transfer of

L. electrons is caused by carrier redistribution to the position of lowest

kinetic energy of the heterostructure. This process occurs, of course, by

phonon emission as the system attempts to achieve equilibrium. Optical or

* electrical excitation can lead to the inverse, i.e., carrier excitation and

transfer. This can have a detrimental effect on certain kinds of device

operation, but can give rise also to ultra-fast switching phenomena. In

addition to these effects caused by boundaries and by space charge build-up,

pronounced effects are observed owing to small layer sizes. The power/volume

ratio in ultra-thin-layer structures can be extremely large and create new

effects. Some of these will be discussed in connection with quantum-well

heterostructure (QWH) lasers.
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Comments on the plasm annealing model to explain the dynamics of pulsed
laser eain of Ion-Implanted silicon U*qRuM~a

O&W46% ~ vwg 110 W4 4wq e #. 15m*Jkst610

(Recelved 4 Augus 1981; accepted for publication 23 Octobir 1981)
Experimental arblm e discussed mociuu with optanvsmiuion and Raman
spectroscopy measurement during pulsed lawe annealing of siicon. In view of these problems,

thean f tmeexperiments in support of plasm annealing model is qusioned.
PACS aumbeiL' 78.30.Ot, 65.90. + L. 64.70.Dv, 61.70.Tm

Many phenomena resulting from pulsed lase annealing was used by Lo and Caipan to conclude that the Si sur-
* of ion-implanted silcm can be explained on the basis of a faew temperature does not rise above several hundred de-
*thermal melting model 1- There have however, been inter. gross centigrade during the experinent. The phonons gener-

esting theoretical considerations by Van Vechtet .3' ated by excise electrons (or holes), however, have a
about the poesible role of screening effects in the dense elec- min-mum wave vector of*
tron-hole plasm which might prevent the lattice tempera- I I kl [( + 40..1E Jh12 -

* ~~ture from risng signilicantly during pulsed lase annealing Hr stewv etrodeeetoa ~ereeu
*of silicon. Experimental results using time-resolved trans'. Hmki h aevco fteeeta,"i -h nry

mission measrmns and Ramnan spectroscopy' are cited and iiip steeeg ftepeoiaty piaph-
to support the plasma annealing model. The purpose of this onts generated. Typically we have q,, Z 1o'm 1 The de-

*comment letter is to point out difficulties in the interpreta. cay of these phonons towards thermal equilibrium occurs ' n
tnofthese two measurements for studying typical pulse many step and some of the phonon modes involved in this

- laser annealing experiments and to propose ddonal ex- decay survive for considerable time and over macroscopic
peniments suitable to this problem. distance.' Also, the phonons having the longest wavelength

In the transmission experiments. Lee et al.' use a e are heavily screenied. It is therefore not at all clear that the
detector located behind the Si sample to monitor light from a Raman experiment gives concusive evidence aibout the state
probe la trainitted during the annealing lase puls, of excitation of the vibrational spectrum, since the measured
Sinc transmitted light is not entirely quenchbed during th Stokes/Antistokes amplitude ratio may not have reached

tie, he cncud tatth srb cul nt av mltd. Th s wor waupre by the Joint Services Elec-
The problem with this experiment is that the probe lae is trois Program (U-. Army, US. Navy, U.S. Air Force)
not the ounly possible source of transmitted light. If, for ex. une contract N00014-79-C-0424, and by the Army Re.
ample the frot surfce reae &aVery high temperature as seach Office under contrac DAAG 29-80-C-00l 1.
generally bekIied' consierable blackbody radiation is
emitted. The Ge detector would then respond to photons

* between its own band gap and that of the Si sample through
which the radiation is transmitted. In addition, there may be $a f.. exml 3. W~bM 0. UMUM AM~ K Ho
some Ni pI -1 - at the very high electron-hole ApL. Phys. 1& 3611 (1961). oad I~o tbmiL.

* concenrationsof this experiment Therefore a broad-band 2K Sertak., A. Pes~imaayk mmd L A. Tale. Pbys. Rev. Lam. 47, 336
obsrvaionof tanismitted light during an annealing pulse (111

cannot be used to conclude that the front surface does not '1(79. A =Vd& LT4P .Si.m!D o~a.Py.Lt
melt. On might how~,er monitor emitted wavelengths not -K C. L4 IL W. I& A. AYdWiand A. Compm,. Appl. PbyL Lem 38,
otherwise present in the experiment to study the tempera- 499(1911)
ture transient by blackbody radiationL -41L W. Lo and A. Capeam PhyL Rev. Len. 441604 (199%)

Theseondexerien (RmaSpetrscoys Mu OL K. Cornwall 'High Field Tranepon in Semicoiictors. S*li StaeThe scondexperment(Rama Spetroscpy')mea- tugu edied by F. Saem D. TUMmab.ad It Ehrweiob, Snppl. 9 (Aca-
* sume the nonequilibrium phonon occupation number at demic, New York and Lambea. 1917) p, 149.

small phonon wave vectors q 5 1O'cm 'This experiment 'K Lan,?. H. andYV. Nzayaaumn. Pbys. Ra. 5 2& 3093(1911.

Iasi J. Appi. Phys. =a~ ftbnuy IMs 0014171/5/05561-01500540 *D14 MWIs Amelca if at Phiyso 1161



Demonstration of a new oscillator based on real-space transfer In
Wi eeroJunctiors

Pau D. Coleman nd Jay Freeman

K~Wf~f1~ 41101lfft

H. Mmko K Hs, B. Streetmn, and M. Koever
.:r. b, ,dmw .a~wwA D amtrtoo U ci.iyfIb. U, eff.
II~ia 61101!

e (eceived 9 Novenber 1981; accepted for publication 4 January 1982)

A new real-pace transfer oscillator is demonstrated in a layered GaAs/nAlGaAs
SA dc bias ieK plus the se oscillating fd, is applied parallel to the layer[ . itm'a=to modulate the electron traner from the Ga layers to the nAJC~aAs layers "rhuperiodic electron transfer results in the sc current being 180" out of phase with the ac voltage and

power being generated. A unique characteristic of this oscillator is that the electron transit times
are associated with transverse dimensions m not dismensions between the ohmic coamcts
which should permit its extension to very high frequencies.

PACS numbers 72.20.Ht, 72.80.Ey, 72.2OJv

In this letter it is demonstrated that if a dc plus ac dec. the device appreciably. The heterstructure sample dimen-

tric fied is applied parallel to the layered interface of a bet- sions were 1-mm width with 50.pm metal contact spacing.
erostructure, a new type of conduction current oscillator An I-V curve of the three-period sample is shown in
making use of real-space transfer' has been realized. Fig. 4. It is seen that the current saturates around 10 V and

The principle of oscillation can be explained with the displays a slight negative slope for voltages of 10-25 V.
aid of Fig. I which depicts a three-layer GaAs- Oscillator traces of the oscillator behavior and wave-
nAl, Ga - . As heterostructure with adc and ac bias applied forms aredisplayed in Fig. 5. In (a) and (b), the LCcircuit was
parallel to the layered interface. The applied voltages will tuned to 2 MHz while in (c) and (d), the LCcircuit was tuned
cause dc and ac heating of the electrons in the low resistance to 25 MHz. As seen in Figs. 5(a) and 5(b), as the pulsed bias

. GaAs layer periodically moving them between the GaAs voltage is increased, one Anr sees a small highly damped
layer and the hish resistance nAl. Ga _ Aslayers. This will ringing of the LC circuit at the start of the trace, then as
result in the ac current being I8W out of phase with the se threshold is approached the damping decreases, the ringing
voltage to achieve power generation. iases and in Fg 5(b) steady-state oscillation is achieved

A particularly interesting aspect of this conduction cur. with further increase in bias. The behavior at 25 MHz is
rent oscillator is that the electron "transit times" am associ- identical to that at 2 MHz with the bias voltage near 13 V and
ated with transverse dimensions of the structure and not dis- the peak rf voltage near 3 V. Increasing the dc bias beyond 13
tame between the bhmic contacts.' Here the GaAs layer can V did not appreciably increase the peak rf voltages.

, be made quite thin (50-200 A) so that the hot electrons havea These real-space transfer oscillator characteristics are
small distance to travel to reach the n-type Ga -, As layers, to be contrasted to those of a Gunn oscillator. In the travel-

TheJ(mcurrent density, electric field) characteristics of ing dipole domain mode (n1 > 2 X 103" cm-) a Gunn oscila-

. these layered GaAs/nAl. Ga -. As structures have been tor shows little response to circuit tuning as demonstrated
studied by Has,' Shichijo,s Keever and colleagu, and the for example by Hakki and Knight. Here the real-space
enhanced mobility by Dingle ot et.' and Morkog and col-
leugues. These studies confirm the transfer of electrons v Vo v Wt
from their parent donors (in the Al. Gas, _hAs) to the OaAs
and support the reverse transterback to the Al, Gal - Asby
high4 eld heating of the electrons. "eATED BLsCTRNS

The "three-period" GOAs/nAl, Ga, - As heterostruc- utno SCATTERD

tm used in the experiments is shown in Fig. 2. This struc- OUT OF GaAS

*,;' ture had an undoped Al, Gal -,,As buffer layer to further
enlme the mobility in the GaAs, but it is beleved that this
is nof nsauy for te oscillator application.

A tunnel diode rfcircuit, shown in Fig. 3, was used to
study the oscillator behavior in the 2-25-MIz range for con-
venience in oscilloscope measuremens. The heterostructure
was mounted in a transistor header which was placed in liq-
aid nitrogen. Pulsed vuas in the 1-Si"s range at low rep- F10. L. Pmiay hieda dmctum movin in aud out oOAs layer in
etdon ram of 60-100 Hz were employed to avoid heaing h8 ounsdo.

456 pI0 P . e. 4e}. 15 Muc 13 000346.1/06040-103 .00 i 1 AiftA Inste e PsVcs 402
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Resonance Impact Ionization in Superlattices

K. K. Non and K. ess
Department of Electrical Engineering and

the Coordinated Science Laboratory
University of Illinois
Urbana, Illinois 61801

AESRACT

We propose an enhancement of the electron or hole impact ionization

coefficients ( a or B ) by introducing resonant impact ionization states into

the (conduction or valence) band.by using suitable lattice matched multilayer

herto junctions (superlattices). Model calculations for the AlAs:GaAs

superlattice indicate resonance enhancements can occur over a vide range of

energy gaps (1.54 - 1.9 eV). The gap can be varied by choosing the

appropriate ratio of the alternating layer thickness. This effect should be

useful for improving the signal/notse ratio of avalanche photodiodes

significantly.

s.o
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Theory of resonant scattering in semiconductors

due to impurity central-cell potential.

Otto F. Sankey and John D. Dov

Department of Physics
University of Illinois at Urbana-Champaign

1101 West Green Street
Urbana, Illinois 61801 U.S.A.

~and

Karl Hess

Department of Electrical Engineering and
Coordinated Science Laboratory
1101 West Springfield Avenue

University of Illinois at Urbana-Champaign
Urbana, Illinois 61801 U.S.A.

ABSTRACT

The effects of scattering by the central-cell defect potential of a

substitutional sp 3-bonded impurity or vacancy in a zincblende host are

evaluated. Significant scattering of electrons can occur if a "deep reso-

nance" lies slightly above the conduction band edge, The theory is applied

to scattering of electrons by defects in GaAs.

PACS Numbers: 72.10.-d; 72.10.Fk; 72.80.Eg
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In Advances in Electronics and Electron
Physics, ed. by P. W. Havkes, Vol. 59,
p. 239 (New York: Academic Press, 1982).

ASPECTS OF NIGH FIELD TRANSPORT IN SEICONDUCTOR

NE2TZ&AYEAS AND SEMICONDUCTOR DEVICES

K. Ress
Coordinated Science Laboratory and

Department of Electrical Engineering
University of Illinois

1101 W. Springfield
Urbana, Illinois 61801

.4

Numerous papers, reviews and books have been written on high

field transport in semiconductors and semiconductor devices (see e.g. Landau

and Kompanejez (1934), Shockley (1951), Hilsum (1962), Ridley and Watkins

(1963), Gunn (1963), Convell (1967), and Ferry et 1. (1980). One can safely

say that the theoretical aspects of high field transport in bulk semiconduc-

tors under steady state conditions are understood in great detail within the

* semiclassical Boltzmann formulation for electric fields F < 104 V/cm. The

basic principles have been established and their treatment has been simplified

to such an extent that a wide variety of phenomena can be calculated to an

accuracy of a factor of 2 or so with a pocket calculator.

This review concentrates on ne developments in the general area of

high field transport and Is also intended to provide a bridge in the infor-

mation gap between scientists working on device modeling and others working

on the basic physics of hot electrons.
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IkELECTRON TRANSPORT IN HETEROJUCTONS AND SUPERLATTICU9

IK. Hess

Department of Electrical Engineering and
Coordinated Science Laboratory

University of Illinois
Urbana, Illinois, U.S.A. 61801

ABSTRACT

Theoretical and experimental results are presented for high field

transport in heterojunction structures parallel to the layers. It is shown

that these structures exhibit new transport effects with high potential for

device applications. A novel oscillator principle and n6vel storage and

switching phenomena are described. These effects are 'real-space' analogies

to well-known k-space effects such as the Gunn effect.

Proceedings of the 16th International Conference on the Physics
of Semiconductors, 1982 (invited paper).
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THEORETICAL AND EXPERIMENTAL STUDY OF SWEPT LINE

ELECTRON BEAM ANNEALING OF SEMICONDUCTORS

S. Banerj ee

Department of Electrical Engineering and
Coordinated Science Laboratory
University of Illinois at Urbana-Champaign
Urbana, IL 61801

B. G. Streetman

Department of Electrical Engineering
University of Texas at Austin
Austin, TX 78712

ABSTRACT

The temperature distribution in a rectangular sample as a function of

time and position during swept line electron beam (SLEB) annealing has beez.

calculated. Beam penetration effects have been included y -.sing t!, Monte

, - Carlo method and the temperature distribution has been obtained from Green's

function techniques and the method of images. The effects of various beam

parameters on the temperature distribution have been studied. The results

are correlated with experimental studies of the electrical activation of Be

in GaAs during SLEB annealing. The annealing is shown to be governed by a

relation of the form

- 0.535" kBT
Activated fraction - (Dwell time) x (3840 e )

(Subol t td to JO URNAL OF APPLIED PHYSICS)

q,7.

b. . -. -



(in preparation)

Annealins studies of laterally seeded recrystallized silicon

on silicon dioxide. I. Phosphorus implants -.

S. I. BanerJee, R. Y. Tong, B. Lee, R. Y. DeJule, and B. G. Streetman

Coordinated Science Laboratory
and Department of Electrical Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

H. W. Lam

Texas Instruments, Inc.
Central Research Laboratories
Dallas, TX 75265

ABSTRACT

Phosphorus implantation st-idies of laterally seeded silicon on silicon

dioxide recrystallized by a scanning graphite strip heater are presented.

Hall profiling has been used to obtain donor concentration and electron

mobility as a function of depth. The recrystallized silicon layer

contains subgrain boundaries which slightly reduce phosphorus activation

and electron mobilities below bulk silicon values.

.'I Current Address: University of Texas at Austin, Austin, TX 78712
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. ~. ~Anealing studies of laterally seeded recrystallized silicon ...

on silicon dioxide. Ii. Boron implants .. __ -- _-

S. K. Banerjee, B. Lee, R. Y. Tong, R. Y. DeJule, and B. G. Streetman

Coordinated Science Laboratory
and Department of Electrical Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

H. W. Lam

Texas Instruments, Inc.
Central Research Laboratories
Dallas, TX 75265

ABSTRACT

Microzone melting by a moving graphite strip heater has been employed to

recrystallize polysilicon on silicon dioxide layers. Electrical activation

and hole mobilities in boron Implanted silicon-on-oxide have been measured

by the double a.c. Hall effect method. Comparative studies with bulk

silicon and unrecrystallized polysilicon show that these recrystallized

silicon films have excellent electrical properties.

Current Address: University of Texas at Austin, Austin, TX 78712
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